Purpose This study evaluates the effect of a sequential culture system on the follicular development of sheep lamb ovaries, aiming to establish an available in vitro culture system for ovarian culture. Methods Lamb ovarian cortical fragments were cultured on a steel mesh with a nitrocellulose membrane pre-coated by type1 collagen. Several culture media were used for the determinations, specifically, a control medium (α-MEM), a constant medium (control medium supplemented with 75 ng/mL human recombinant EGF, 200 mIU/mL sheep FSH, 100 ng/mL human recombinant GDF-9, and 100 ng/mL human recombinant bFGF), and a sequential medium (control medium supplemented with sequential growth factors added on different days). Ovarian tissues, both fresh and cultured, were processed for histological and apoptotic assays, while spent culture media were processed for hormone assays.
Introduction
A large number of quiescent primordial follicles, which represent the reproductive potential of females, are present in mammalian ovarian tissues. However, this number is known to be of a certain amount and is non-renewable; it also depletes gradually in a female's reproductive life.
Thus, identifying how to utilize these follicles to improve reproductive potential is a considerably interesting topic.
Of the methods available, culture of ovarian follicles in vitro is an option that could provide a large potential oocyte source to assist reproductive techniques. To date, however, there is little knowledge about the factors controlling the initiation of primordial follicles. Similarly, the various influences on the growth factors in ovarian follicle development have not been very uniform among different species. Studies have demonstrated the involvement of follicle-stimulating hormone (FSH) [1] [2] [3] , growth and differentiation factor 9 (GDF-9) [4] [5] [6] [7] , basic fibroblast growth factor (bFGF) [8] [9] [10] , insulin [11] , and epidermal growth factor (EGF) [12] [13] [14] in early follicular development. Other factors that were incorporated in the present study are based on these references. Generally, the model for studying follicular development in vitro involves the culture of ovarian cortex slices or isolated follicles in vitro. The culture of isolated follicles in vitro from an ovarian cortex slice culture, a two-step culture system, was also reported by Telfer et al. [15] . An in vivo model, which grafted cattle ovarian pieces into the chorioallantoic membrane (CAM) of chick embryos, was reported by Cushman et al. [16] . In ovarian cortex slice study models, it has been reported that membranes coated with an extracellular matrix can stimulate moderate follicle survival in organ cultures [17, 18] . Given this knowledge, the culture system used in this study involved a stainless steel mesh with a nitrocellulose membrane pre-coated with collagen.
We designed a sequential culture medium by which different concentrations of FSH, GDF-9, EGF, and bFGF were added during different culture days. The culture cycle of the sequential addition spanned 18 days. The oestrous cycle of sheep spans about 17 days and are interested in the in vitro follicular development in an oestrous cycle. As such, selecting a culture cycle of 18 days seems reasonable. Histological and TUNEL analyses were performed on the cultures to evaluate the development potency of primordial follicles, follicle morphology, and follicle viability. Estradiol, progesterone, and inhibin levels were also measured to evaluate endocrine functions and tissue viability during culture.
Materials and methods

Source of the ovaries
Female lamb (n=6, 3-6 months old) ovarian tissues (n=12) were obtained from a local abattoir and transported to the laboratory in phosphate buffered solution (PBS) at 27-32°C within 2 h of acquisition. In the laboratory, the ovaries were rinsed once with 70% alcohol (5-10 s) under a laminar flow hood, and then rinsed twice with PBS supplemented with 5% bovine serum albumen (BSA) and 50 IU/mL antibioticin. The ovaries were then stripped off with their surrounding fatty tissue and ligaments and cut in half. Next, the cortex was dissected from the medullar tissue and cut into 0.5-1 mm 3 pieces using a scalpel under a steromicroscope, after which fine slices (n=26) were selected. Two to three pieces from each ovary were immediately fixed with 4% PBS-paraformaldehyde; these were used as the noncultured control. The other slices (n=24) were randomly divided and used in in vitro culture procedures. Unless otherwise stated, all media and culture reagents were obtained from Sigma Chemical Corp. (USA).
Experimental protocol
The fine ovarian cortex tissue pieces were rinsed three times in α-MEM medium and cultured in a steel mesh culture system. Briefly, prior to the culture, the steel grid was cut into an approximate size of 25 mm×25 mm. The four angles were bended to about 4 mm in height to form a scaffold. The grid was soaked for 24 h in 75% alcohol, and then dried for 8 h at 160°C. During the culture proper, the surface of the scaffold was confirmed to be horizontal. The scaffold was placed in a culture dish and a similarly sized nitrocellulose membrane pre-coated with type І collagen (3 mg/mL) was put onto the scaffold. Four fine slices of ovarian cortical tissue were placed on each nitrocellulose membrane at a distance of about 5 mm from each other. About 20 μL of the culture medium was dropped onto each slice. Finally, more culture medium was added into the dish until the surface of the culture medium minimally submerged the cortical slices (parallel to the surface of the nitrocellulose membrane). The control medium was composed of α-MEM medium supplemented with glutamine (2 mM), pyruvate (3 mM), BSA (3 mg/mL), ITS (insulin 10 μg/mL, transferrin 6.25 μg/mL, and selenium 6.25 ng/mL), penicillin G (75 μg/mL), and streptomycin (50 μg/mL). For the experimental cultures, constant and sequential culture media were used. The constant medium was composed of the control medium supplemented with 75 ng/mL human recombinant EGF(Sigma Chemical Corp., USA), 200 mIU/mL sheep FSH (Invitrogen, USA), 100 ng/mL human recombinant GDF-9(Invitrogen, USA), and 100 ng/mL human recombinant bFGF(Invitrogen, USA). The composition of the sequential culture medium tested in the present study is shown in Table 1 . Ovarian cortical pieces were cultured at 38.6°C in humidified air with 5% carbon dioxide (CO 2 ) for 18 days. Media were changed every two days. Every six days during the culture period, two cortical strips from each culture medium were removed and fixed in 4% PBSparaformaldehyde for histological and immunohistochemistry analyses (TUNEL).
Histological analyses
Ovarian cortical tissue fragments were fixed in 4% PBSparaformaldehyde for 8-24 h at 0, 6, 12, and 18 days after culture in the three culture media. Pieces of ovarian tissues were embedded in paraffin wax, serially sectioned at 4 μm, and then stained with haematoxylin and esosin. Follicular development stages and their survival were determined microscopically at every tenth section via a microscope using 400× magnification.
Follicles classified [19] as primordial (one layer of flattened and/or small cuboidal somatic cells around the oocyte) or developing follicles were further categorized according to the following: (1) primary follicles with a single layer of large cuboidal granulosa cells around the oocyte; (2) secondary follicles with two or more complete layers of granulosa cells without antrum formation; and (3) antral follicles where the oocyte is encapsulated by a multi-layer of granulosa cells and an antrum has formed. In addition, these follicles were further classified as (i) histologically normal follicles (i.e., follicles spherical in shape with an even distribution of granulosa cells, intact theca, and spherical oocytes) and (ii) degenerated follicles (i.e., follicles exhibiting esosinophilia of the ooplasm, contraction and clumping of the chromatin, and wrinkling of the nuclear membrane). To avoid counting a follicle more than once, only follicles with visible oocyte nuclei were counted. Overall, 180 follicles were evaluated for each medium and culture period (30 follicles per treatment×6 repetitions=180 follicles).
To evaluate the rates of follicle activation and growth, only histologically normal follicles were observed. In addition, for each follicle category, oocyte and follicle diameters were measured by a computer-driven image analysis program (Nikon NIS-Elements 3.0, 2008). Each follicle was measured in two dimensions; the two measurements were averaged.
TUNEL assay
Paraformaldehyde-fixed ovarian sections were deparaffinized, rehydrated, and incubated with 20 μg/mL proteinase k in 10 mM Tris-HCl for 20 min (pH 7.4 at 37°C). After washing thrice with PBS (5 min per wash), the slides were incubated with 3% hydrogen peroxide for 20 min, followed by a three-time rinse with PBS. The slides were then stained for identification of apoptotic cells via the TUNEL method using an in situ cell death detection kit (KeyGEN, China; CAT number: KGA7022). Briefly, the slides were incubated with 50 μL terminal deoxynucleotidyl transferase (TdT) enzyme reaction mixture (45 μL equilibration buffer, 1 μL Biotin-11-d UTP, 4 μL TdT Enzyme) in a humidified chamber at 37°C for 60 min, followed by a three-time rinse with PBS. The slides were incubated with a streptavidin-HRP work solution in a humidified chamber at 37°C for 30 min. After washing thrice with PBS, the products of the immunoreaction were visualized via incubation with diaminobenzidine. Sections were then counterstained with hematoxylin. Control staining was performed by incubating the sections with a TdT enzyme reaction mixture without the enzyme. A brown nuclei appearance indicates the presence of apoptotic cells, while blue nuclei indicate the presence of viable cells. To evaluate follicle apoptosis, only follicles with a visible nucleolus were counted. To assess stromal cell death, the number of apoptotic and viable cells was counted. The apoptotic rate was calculated as Rate ¼ Apoptotic cell number=Total cell number Â 100% Assessment of steroid hormone and inhibin production The spent medium was collected every 2 days during a cultivation period of 18 days and stored at −20°C for subsequent hormone assays. The levels of estradiol-17β (R&D SYSTEMS, USA, sensitivity=3.9 pg/mL) and progesterone (R&D SYSTEMS, USA, sensitivity=0.1 ng/mL) were measured by an enzyme immunoassay modified for the cell culture media. Inhibin was measured with a commercial immunoenzymatic assay using antibodies directed against the α-subunit (R&D SYSTEMS, USA, sensitivity=20 pg/mL).
Statistical analysis
Oocyte and follicular diameters, proportion of follicle stages, and viability and cell apoptotic rates were calculated. An ANOVA, followed by post-hoc testing, was used to evaluate the treatment effects on the abovementioned parameters. Chi-square test was used to compare the production of hormones and inhibin. Prior to analyses, the data were tested for normality and homogeneity of variance. All data are presented as mean±S.D. P-values of <0.05 were considered significant. All computations were performed using SPSS 13.0 for Windows.
Results
In vitro follicle growth
The percentage of primordial and developing follicles in ovarian cortical tissue at 0, 6, 12, and 18 days after culture are shown in Fig. 1a -c. After all cultures in the media were tested, it was observed that the proportion of primordial follicles (Fig. 1a) was reduced significantly, an outcome of a coincident increase in the proportion of developing follicles. Additional progressive reduction in the proportion of primordial follicles was also observed with increasing culture time. Compared to the culture media, the proportion of primordial follicles in the sequential medium was significantly lower vis-à-vis the control medium. The difference in proportions was not significant between the constant medium and control or sequential media. Compared to day 0, the percentage of primary follicles (Fig. 1b) was significantly higher in all culture media after 6, 12, and 18 days of culture in vitro. After 6 days of culture, the percentage of primary follicles in the sequential medium was higher than in the control, but not significantly higher than in the constant medium. After 18 days of culture, this value was lower for the sequential medium than for either the control or constant culture medium. The primary follicle percentage in the sequential medium did not significantly change with increasing culture time, but it was significant increased in both the control and constant media. In terms of the percentage of secondary follicles (Fig. 1c) , only the culture in the sequential medium obtained a significant increase relative to the non-cultured tissue, as well as the control and constant media. With increasing culture time, significant increases of the secondary follicles percentage were also observed in the sequential medium.
Small antral follicles were observed in all culture media 18 days after culture, although the results obtained no significant meaning in statistical analyses. The number of antral follicles 18 days after culturing in the control, constant, and sequential media were fifteen, five, and three, respectively. More morphologically normal and largediameter antral follicles were found in the sequential medium (Figs. 2 and 3o), and antrum-like follicles in the control system seemed to have a large empty cavity with little granular cells and degenerated oocyte or no oocyte (Figs. 3n and 4) .
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The day of culture follicles were seen in primary follicles, as compared to the size of their non-cultured counterparts in the control medium ( Table 2 ). The diameters of secondary follicles and oocytes also increased in the two culture media, as compared to the non-cultured tissue. Six days into the culture period, we observed that the diameters of secondary follicles and oocytes in the constant medium were not statistically significantly. After 6, 12, and 18 days of culture, among the culture media studied, tissues cultured in the sequential medium resulted in significantly increased oocyte and follicle diameters for the primary and secondary follicles relative to those in the control medium. Larger follicle and oocyte diameters were also observed in the sequential medium vis-à-vis in the constant medium, while larger follicle and oocyte diameters were observed in the constant medium vis-à-vis in the control medium. Primary Fig. 2 The production of a estradiol; b progesterone; and c inhibin in control, constant, and sequential media during culture. Note: a, b, c -Significantly different between culture media on the same day of culture (P<0.05) follicle and oocyte diameters at 6 and 12 days after culture and secondary follicle and oocyte diameters at 6 days after culture yielded no significant difference between the two culture media. Compared to the findings for Day 6, at 18 days after culture, the sequential medium was also found to have promoted a significant increase in primary oocyte diameters and secondary follicle and oocyte diameters. Similarly, the constant medium promoted only increased secondary follicle and oocyte diameters 18 days after culture.
Assessment of in vitro follicle vitality
Histological analyses showed that normal (Fig. 3a, b , c, i, j, k, l, m) and degenerated follicles (Fig. 3d, e, f, g, h) were found in non-cultured and cultured ovarian cortical slices in all culture media. In the degenerated follicles, shrunken oocytes, pyknotic nuclei, and disorganized granulosa cells were observed. Figure 1d shows the percentage of healthy follicles in the non-culture and cultured ovarian cortical samples at 6, 12, and 18 days after culture in the three Table 3 . In non-cultured tissues, the proportion of TUNEL-positive follicles and stromal cells were 0 and 5.7±1.1, respectively. The lowest proportions of apoptotic follicles and stromal cells were observed in the sequential medium. Compared to the control medium, the sequential and constant media significantly inhibited stromal cells from becoming apoptotic at 18 days after culture. There was no significant difference between the sequential and constant media in terms of proportion of apoptotic cells.
Analysis of hormones and inhibin production
The levels of estradiol, progesterone, and inhibin increased constantly over the 18-day culture period in all culture media (Figs. 2a-c) . The differences in estradiol concentration were significant between the sequential and control media at 12, 14, 16, and 18 days after culture (P<0.05). For progesterone production, no significant difference was found among the three culture media during the 18-day period, although production in the sequential medium was higher than in any of the other media. The highest concentration of inhibin was observed in the sequential medium at 8-18 days of culture. On Day 7, however, inhibin production in the constant medium appeared to be higher than in any of the other media.
Discussion
In this study, we demonstrate an efficient sequential culture medium for the culture of lamb ovarian cortical tissues in vitro, and confirmed its benefits to the growth of lamb ovarian follicles. To our best knowledge, this offers a novel description on the sequential addition of various growth factors, including FSH, EGF, GDF-9, and bFGF, into lamb ovarian cortical tissue cultures in vitro.
A decrease in the proportion of primordial follicles was found in all culture media, which indicates the spontaneous activation of primordial follicle growth in in vitro cultures. This may be due to the richer collection of stimulatory factors in the culture media used [20] or the elimination of inhibitory factors in in vitro models [21] [22] [23] . Compared to observations for the control and constant media, the percentage of primary follicles was low in the sequential medium, but its percentage of secondary follicles was higher than in the two other media. One reason may be that the rate of primordial follicle development in the primary stage was equal to the rate of primary follicle development in the secondary or antral stage in the sequential medium.
Results of the histological analyses indicate that sequentially adding FSH, EGF, GDF-9, and bFGF to the culture medium promoted primordial follicle development into its subsequent stages apart from stimulating follicle growth. The constant medium exerted major effects on secondary follicles. Its effects on follicular development were better with the sequential medium than with the constant medium. That is to say, high concentrations of FSH and EGF and lower concentrations of GDF-9 and bFGF may be beneficial for the development of primary follicles. Studies on growth factors have demonstrated that FSH and EGF are not essential for primordial follicle activation [24] [25] [26] but are important for latter follicle development [1, 14] . On the other hand, GDF-9 and bFGF can promote the initiation of primordial follicle development and stimulate early preantral follicle growth [5, 6, 8, [27] [28] [29] . Hayashi et al. reported that GDF-9 can enhance the effect of FSH on follicular growth [4, 5] . Matos et al. reported that the interaction between FSH and bFGF stimulates the initiation of primordial follicle growth and the subsequent growth of developing follicles [9] . EGF and FSH do not seem to affect follicular growth, but they appear to stimulate increases in follicle diameter by promoting oocyte growth [29] . Cultures with EGF and bFGF do not appear to affect the proportion of developing follicles present [30] . These references suggest that follicular development is not a simple effect of a single factor, but the coordinated effect of several factors. Under certain physiological conditions, the concentration of FSH in the blood changes dynamically. Additionally, the receptors of EGF, GDF-9, and bFGF expression in the ovaries are found to be dependent on the follicle development stage. Ovarian follicle development during this growth phase is a dynamic process. These reports suggest the dynamic interaction of these factors during follicular development.
In the present study, it was found that there were more normal follicles in the sequential medium than in any of the other media. Compared to the control medium, higher percentage of normal follicles in the constant medium was observed. TUNEL assays indicate that follicle and stromal cell apoptosis was inhibited in the sequential medium. These results suggest that factors added to the sequential medium can inhibit cell apoptosis and maintain follicle viability. The effect of FSH and EGF on a follicle is dependent on the stage of follicle development [31] . Reports have also suggested that these factors can improve follicle survival both in vivo and in vitro [13, 26, 32, 33] . FSH induces functional receptors for bFGF in granulosa cells, which then plays a role in the process of differentiation under the influence of FSH [34] . GDF-9 also acts as a survival factor preventing atresia; this progressively occurs with increasing culture time [35] . GDF-9 may rescue follicles from atresia through the initiation of growth and development. A study by Hreinsson et al. shows that treatment with GDF-9 results in a higher proportion of viable human follicles in organ cultures, suggesting a possible role for GDF-9 in follicular survival [36] . In this study, the highest percentage of normal follicles was observed in the sequential medium 6 days after culture where higher concentrations of GDF-9 and bFGF and lower concentrations of FSH and EGF were present. This result may indicate that a higher concentration of GDF-9 and bFGF is more beneficial to the survival of follicles than a lower one.
Estradiol and progesterone are secreted by granulosa or theca cells; they are used to evaluate granulosa cell differentiation and tissue viability. The mRNA for inhibin subunits was expressed specifically by the granulosa cells of healthy developing follicles in sheep [37] . In the current study, at later culture times (10-18 day), a significant increase of estradiol and inhibin production, but not progesterone, were found in the sequential medium, compared to production in either the control or constant medium. This suggests that less luteinized granulosa cells and more differentiated follicle cells were present in the sequential medium. That is to say, ovarian tissue viability, follicular development, and follicle health are better maintained in the sequential medium. FSH stimulates inhibin and estrogen secretion in the ovary [38] . EGF, in combination with FSH, was found to stimulate progesterone secretion in cultured caprine granulosa cells in vitro [39] . In contrast, EGF appeared to inhibit FSH-stimulated estradiol production in rat ovarian cultures [40] . GDF-9 was shown to stimulate granulosa cell proliferation and basal steroidogenesis, but inhibited FSH-stimulated progesterone biosynthesis [41] . In another study, treatment with GDF-9 stimulated dose-dependent increases in inhibin production [42] . It also reported that bFGF can inhibit FSH-stimulated progesterone production [43] .The difference between estradiol and inhibin production was not significant at Day 7 in the sequential medium when compared to the control medium. A possible explanation may be that higher concentrations of GDF-9 and bFGF inhibit the effect of FSH on estradiol and inhibin secretion.
In this study, we used a steel mesh as physical support to provide a solid frame for long-term organ culture in vitro. In order to acquire a three-dimensional structural support, a nitrocellulose membrane pre-coated with type І collagen was used. This is a novel approach for ovarian tissue culture. Results indicate that follicles can develop through to the antral stage in this system. Follicular development and types present in the ovary can be monitored in such cultured tissues since the isolated follicle cultures do not present themselves with much complexity. Recent studies have developed 3D models for isolated follicle cultures. In these models, isolated follicles were embedded in collagen or alginate [44, 45] . As such, the follicle structures were well maintained in these systems and follicles were able to grow. The drawback of such isolated follicle cultures, however, is that agents added to the follicle cultures must have a direct, rather than indirect, effect on the follicles. The addition of such agents has resulted in some damage to the follicles during the isolation procedure. Meanwhile, some studies have reported that membranes coated with extracellular matrix (ECM) [17, 18] can improve the growth of many cell types, as well as follicle viability. Telfer et al. recently reported a two-step culture system wherein ovarian tissues at 6 days after culture were subjected to follicle isolation. The follicles isolated were, in turn, cultured for 4 days. The results of such a system suggest the occurrence of antral formation [15] . In the present study, we used a steel mesh with a nitrocellulose membrane rather than a Millicell insert (usually used in organ culture). Results prove that such a membrane can also support follicle growth. Moreover, it is inexpensive and easy to make.
Conclusions
In summary, the results of this study demonstrate that many factors, including GDF-9, FSH, EGF, and bFGF, may exert coordinated effects on the development and growth of primordial follicles. In particular, the sequential addition of these factors offers benefits to follicle and oocyte growth. Findings suggest that the sequential culture medium tested in the study may be the optimal medium for the in vitro culture of lamb ovarian tissue, thus providing a method by which we can successfully harness the reproduction potential of domestic ovarian tissue. Ongoing projects are aimed to improve this culture system, apart from focusing on the effects of the addition of other growth factors and hormones at appropriate times and concentrations, thus imitating the ovarian follicle's requirements in vivo.
